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ABSTRACT 
 
Baculoviruses are arthropod-specific, double-stranded DNA viruses, with potential 
for use in insect pest management. Modern baculovirology is driven by the genetic 
enhancement of their insecticidal properties. A recombinant baculovirus (AcMLF9.ScathL) 
that expresses a cathepsin L-like protease, ScathL, kills larvae of the tobacco budworm 
Heliothis virescens (Fabricius) significantly faster than the wild type Autographa californica 
multiple nucleopolyhedrovirus (AcMNPV C6). AcMLF9.ScathL triggers melanization and 
tissue fragmentation shortly before death of infected larvae. To investigate the tissue 
specificity of ScathL expressed by AcMLF9.ScathL, we used light microscopy, transmission 
electron microscopy and scanning electron microscopy to examine the tissues of insects 
infected with AcMLF9.ScathL, with a virus expressing a catalytically inactive form of 
ScathL, AcMLF9.ScathL.C146A, or wild type virus AcMNPV C6 as control treatments. We 
found damage to the basement membrane overlaying the midgut, fat body and muscle fibers 
in larvae infected with AcMLF9.ScathL, but not in larvae infected with the control virus 
AcMLF9.ScathL.C146A, or the wild type virus AcMNPV C6. We injected yeast-expressed 
ScathL and can conclude that ScathL results in damage to the basement membrane and 
subsequent loss of tissue integrity. At high concentrations, ScathL results in complete loss of 
the gut. Loss of the gut may be an indirect effect resulting from lysis of cells that have lost 
their overlaying basement membrane. Because AcMLF9.ScathL triggers melanization shortly 
before death of the host insect, an alternative hypothesis is that larval death results from 
production of cytotoxic free radicals produced during the melanization process. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
1. Baculovirus biology 
 
The Baculoviridae is a diverse family of large viruses with double-stranded DNA 
genomes of 88-153kb (Blissard and Rohrmann, 1990) contained within enveloped , rod-
shaped virions which are pathogenic for invertebrates. Baculoviruses are primarily pathogens 
of insects of the order Lepidoptera, but they also infect Hymenoptera, Diptera, Coleoptera 
and Trichoptera (Couch, 1991; Federici, 1997). The family Baculoviridae is divided into two 
genera: Nucleopolyhedrovirus (NPV) and Granulovirus (GV) (Adams and Bonami, 1991; 
Volkman et al., 1995). The NPV produces large polyhedron-shaped occlusion bodies (OB) 
called polyhedra that contain many virions (occlusion-derived virus, ODV), while GV have 
smaller occlusion bodies called granules that normally contain only one virion per granule 
(Adams and Bonami, 1991). Because baculoviruses are effective against many lepidopteran 
pests and do not infect non-target organisms such as vertebrates and plants (Gröner, 1990), 
they have been the subject of intensive study as environmentally benign pesticides. And they 
have been used effectively to control a number of agricultural and forestry pests 
(Cunningham, 1995; Moscardi, 1999). 
1.1 Baculovirus lifecycle 
The baculovirus life cycle involves two distinct forms of the virus. Occlusion-derived 
virus (ODV) phenotype is present within polyhedra and is responsible for primary infection 
of the host and horizontal transmission between insect hosts (Evans, 1986) while the budded 
virus (BV) phenotype is released from infected host cells and is responsible for the systemic 
spread of virus within the insect host. BV are also used for virus propagation in tissue culture 
(Entwistle and Evans, 1985; Keddie, Aponte, and Volkman, 1989). 
Infection starts when a susceptible host insect ingests occlusion bodies that 
contaminate foliage. The occlusion bodies are dissolved in the alkali conditions of the midgut 
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of the lepidopteran host (pH 9.5-11.5), and ODV are released into the gut lumen (Entwistle 
and Evans, 1985). The fore- and hindgut of insects are derived from the embryonic 
endodermal cells and are lined with cuticle. Only the midgut derived from endoderm and not 
lined with cuticle is involved in primary virus attachment and entry. ODV cross the 
peritrophic matrix, an extracellular layer of protein and chitin that separates food in the 
midgut lumen from the midgut epithelium (Bonning, 2005; Federici, 1997; Lehane, 1997), 
and initiates infection by binding to and entering the tips of the microvilli on the apical brush 
border of the columnar epithelial cells. Following fusion with the cell membrane (Horton and 
Burand, 1993), the nucleocapsids from within the ODV are released into the cytoplasm and 
are transported to the nuclei where viral DNA replication and production of nucleocapsids 
ensues. Some nucleocapsids move to and bud through regions of the plasma membrane that 
have been modified by virus-produced Gp64 (Williams and Faulkner, 1997). The Gp64 
envelope fusion protein is the major virus-encoded protein associated with budded virus 
envelope. Gp64 is expressed during the early and late phases (Blissard and Rohrmann, 1989; 
Monsma and Blissard, 1995; Monsma, Oomens, and Blissard, 1996; Whitford et al., 1989) 
and accumulates at the plasma membrane (Volkman, 1986). On budding through the plasma 
membrane, nucleocapsids acquire a loose envelope with prominent spikes or peplomers 
consisting of Gp64 at the apical end (Volkman, 1986; Volkman and Goldsmith, 1984). 
Budded virus is disseminated to other tissues within the infected insect causing systematic 
infection. The NPVs of the Lepidoptera infect virtually all tissues of the host insect, while the 
tissue tropism of the GV tends to be more limited (Federici, 1997).  
A switch occurs during the late phase of baculovirus infection from BV production to 
ODV and polyhedra production. Polyhedra accumulation within the nuclei of epidermal and 
fat body tissues results in pale coloration at very late stages of infection. After the insect dies, 
polyhedra are released into the environment resulting in subsequent rounds of infection.  A 
single cadaver may yield as many as 1010 polyhedra (Entwistle and Evans, 1985). The time 
taken to kill the host by the virus may take anywhere from five days to three weeks according 
to the virus-host combination and environmental conditions. 
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1.2 Baculovirus gene expression 
Baculovirus gene expression is regulated in a cascade, which is divided into four 
phases: immediate early (starting at 0-2 hours post-infection), early (starting at 6 hours post-
infection), late (starting at 10-12 hours post-infection) and very late (starting at 15 hours 
post-infection) (Blissard and Rohrmann, 1990). Baculovirus gene expression is regulated 
primarily at the level of transcription. Immediate early and early genes are transcribed before 
the onset of viral DNA replication. Genes in this phase of the virus lifecycle are transcribed 
by the host RNA polymerase II (Huh and Weaver, 1990). Late and very late genes are 
transcribed by a virally encoded RNA polymerase (Guarino et al., 1998).  
 
2. Limitations of using baculoviruses as insecticides 
Baculoviruses have shown great potential as environmentally benign alternatives to 
synthetic chemical pesticides.  One of the earliest examples of the use of a baculovirus 
insecticide was application of a baculovirus in 1892 for management of Lymantria monacha 
in pine forest in Germany (Huber, 1986).  Both NPVs and GVs have been registered for use 
as microbial pesticides. In 1975, the first virus insecticide, ElcarTM, was registered in the 
United States for use against the cotton bollworm Helicoverpa zea. One of the most 
successful examples of using wild-type baculovirus (Anticarsia gemmatalis NPV) was in 
Brazil, for control of the velvet bean caterpillar in soybean crops (Moscardi, 1999). Another 
successful example was in China for control of Helicoverpa armigera on cotton (Sun et al., 
2002). But there are still limitations associated with the use of baculoviruses as insecticides, 
such as 1) problems with long-term storage, 2) high cost of production relative to classical 
chemical pesticide, 3) narrow host range and 4) relatively slow speed of kill. Infected larvae 
continue to feed for several days until their death, which may result in significant crop 
damage (Inceoglu et al., 2001; Miller and O'Reilly, 1995).  
Occlusion-derived viruses are embedded within polyhedra, which are stable at 
extreme temperatures and resistant to desiccation. One of the major factors limiting the 
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successful use of baculoviruses in biological control is their sensitivity to inactivation by 
ultraviolet (UV) light (Black et al., 1997; Petrik et al., 2003).  
The slow killing speed is a major disadvantage for commercialization of baculovirus 
insecticides.  The time taken from ingestion of polyhedra and infection to death of the host 
insect is highly variable for different host –virus combinations. Many factors affect the speed 
of virus-induced mortality, including the larval instar infected, the condition of the larvae, 
virus dose received, the virulence of the virus, environmental temperature and the diet of the 
host insects. Usually, it takes 2-5 days for baculoviruses to kill permissive hosts, and 2-3 
weeks to kill semi-permissive hosts (Ignoffo, 1966).  During this period, virus-infected 
insects continue to feed and cause crop damage and thus often fail to compete with 
conventional chemical insecticides (Miller and O'Reilly, 1995). 
 
3. Genetic enhancement of baculovirus insecticides 
More than 30 recombinant baculoviruses have been constructed with the specific goal 
of enhancing the insecticidal properties of the virus (Kamita et al., 2005).  Most of these 
viruses have been constructed to reduce the time taken by the virus to kill the host insect, 
though genetic manipulation of baculovirus host range, and improvement of virus stability 
have also received some attention (Bonning and Nusawardani, 2007). 
Recombinant baculoviruses expressing genes that encode a variety of insect-specific 
toxins or development-disrupting enzymes and hormones kill insects more rapidly and 
reduce feeding damage compared with larvae infected with wild-type baculoviruses (Kamita 
et al., 2005). Strategies used for genetic enhancement have included deletion of specific viral 
genes to enhance pesticide efficacy and genetic engineering of the virus genome to express 
genes encoding insect hormones, enzymes, and insect-specific toxins (Harrison and Bonning, 
2000a; van Beek and Hughes, 1998).  
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3.1 Deletion of a baculovirus gene  
The most successful example of the use of gene deletion to enhance baculovirus 
pathogenicity involves deletion of the baculovirus ecdysteroid UDP-glucosyltransferase gene 
(egt). Deletion of this gene increases the speed with which the virus kills the host insect 
(O'Reilly and Miller, 1991). The enzyme Egt catalyzes the conjugation of sugar molecules to 
ecdysteroids, thereby preventing ecdysteroid entry into cells and effectively inactivating 
these hormones (Nusawardani et al., 2005; O'Reilly and Miller, 1989; O'Reilly and Miller, 
1991). The baculovirus-expressed Egt prevents molting and pupation of the host insect and 
provides a selective advantage to the virus in allowing for production of more progeny virus 
(O'Reilly and Miller, 1989). 
 
3.2 Recombinant baculoviruses expressing insect hormones, insect-specific toxins or 
insect-derived enzymes 
The methods developed for constructing recombinant baculoviruses for protein 
expression purposes have been used for production of recombinant baculovirus insecticides 
(Nusawardani et al., 2005). For example, over-expression of the insect hormone, 
prothoracicotropic hormone, decreased the pathogenicity of the baculovirus (O'Reilly et al., 
1995); a baculovirus expressing a maize protein that disrupts the inner mitochondrial  
membrane has insecticidal activity (Korth and Levings, 1993); a catalytically inactive version 
of the insect enzyme, juvenile hormone esterase was toxic to baculovirus-infected larvae 
(Bonning et al., 1995). Recombinant baculoviruses that express neurotoxins derived from 
various venomous animals such as LqhIT2 derived from a scorpion (Froy et al., 2000; 
Harrison and Bonning, 2000b), As II and Sh I derived from sea anemones (Prikhod'ko et al., 
1996) and tox34.4 derived from the straw-itch mite (Burden et al., 2000) were 50-60% faster 
than the respective wild type virus . A baculovirus AcMLF9.ScathL that expresses a 
basement membrane-degrading protease had similar efficacy (Bonning et al., 2002; Harrison 
and Bonning, 2001) and killed insects 50% faster than the wild type AcMNPV C6 (Harrison 
and Bonning, 2001). 
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4. ScathL 
 
ScathL is a cathepsin L-like cysteine protease (EC 3.4.22.15) from the flesh fly, 
Sarcophaga peregrina, which is involved in differentiation of imaginal discs and digests 
components of the basement membrane during insect metamorphosis (Homma, Kurata, and 
Natori, 1994). During metamorphosis, procathepsin L is secreted in response to ecdysteroids 
to digest basement membranes of the imaginal discs, allowing elongation. By using a 
procathepsin- specific antibody, the differentiation of the imaginal discs cultured in vitro 
(Homma, Kurata, and Natori, 1994) was stopped and remained at the stage of eversion and 
did not differentiate further (Homma, Kurata, and Natori, 1994).  
Basement membranes that surround the tissue of lepidopterous larvae act as a 
potential barrier to baculovirus movement and establishment of systemic infection. One way 
to improve the insecticidal activity of baculoviruses is to perforate or eliminate the basement 
membranes of their hosts, thereby facilitating the process of infection (Harrison and Bonning, 
2001). A recombinant baculovirus (AcMLF9.ScathL) expressing the ScathL protease was 
previously constructed in our laboratory to target the insect basement membrane (Harrison 
and Bonning, 2001). The nucleopolyhedrovirus (NPV) of the alfalfa looper, Autographa 
californica (Speyer), (AcMNPV) was engineered to express a gene for a basement 
membrane-degrading cathepsin L protease (ScathL) derived from the flesh fly Sarcophaga 
peregrina Robineau-Desvoidy (Diptera: Sarcophaggidea), to produce the virus 
AcMLF9.ScathL (Harrison and Bonning, 2001).  By doing lethal-concentration bioassays, 
survival-time assays and feeding-damage assays they found that the lethal dose of 
AcMLF9.ScathL was not significantly different from that of the wild type virus AcMNPV 
C6: In contrast the survival time of AcMLF9.ScathL-infected larvae was reduced by 51%, 
and feeding damage caused by AcMLF9.ScathL-infected larvae was reduced by 80% when 
compared to those of the AcMNPV C6-infected larvae (Harrison and Bonning, 2001). They 
also found that fifth-instar H. virescens larvae infected with AcMLF9.ScathL exhibited 
extensive cuticular melanization by 4 days post infection, often occurring prior to death of 
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the insect (Harrison and Bonning, 2001). The melanization of larvae infected with 
AcMLF9.ScathL suggests that the reduction in survival time may be connected to the 
inappropriate activation of prophenoloxidase, which is a key enzyme involved in the 
formation of melanin during wound healing and the insect immune response (Nappi and 
Christensen, 2005).  
More recent studies on this recombinant baculovirus by Li et al (2007) failed to find 
evidence for accelerated baculovirus dissemination or altered tissue tropism in H. virescens 
larvae mediated by expression of the ScathL protease (Li et al., 2007). Baculovirus 
expression of ScathL resulting in damage to the basement membrane overlying the midgut, 
fat body and muscle fibers was confirmed in larvae infected with AcMLF9.ScathL, but not in 
larvae infected with the control virus AcMLF9.ScathL.C146A or wild type virus AcMNPV 
C6. AcMLF9.ScathL also triggered melanization and tissue fragmentation shortly before 
death (Harrison and Bonning, 2001; Li et al., 2007). Most importantly, the enhanced 
insecticidal efficacy of the recombinant baculovirus that expresses ScathL did not result from 
altered tissue tropism or accelerated systemic infection (Li et al., 2007). The cysteine 
protease activity of ScathL played a key role in the accelerated death of the AcMLF9.ScathL-
infected larvae, and tissue fragmentation was assumed to be a direct consequence of 
basement membrane degradation by ScathL (Li et al., 2007).  
High levels of ScathL activity in the hemolymph were consistently associated with 
widespread melanization of the cuticle and trachea, along with tissue damage that included 
ruptured guts and fragmented fat body, and ultimately larval death.  Bioassays with purified 
yeast-expressed ScathL that was injected into the hemocoel further confirmed that the 
cysteine protease activity of ScathL was able to kill insects in the absence of baculovirus 
infection (Li et al., 2008).  It is also conceivable that ScathL activates zymogens of 
endogenous proteases that contribute to basement membrane and tissue damage. The 
widespread melanization of H. virescens larvae associated with AcMLF9.ScathL infection 
could indicate that the prophenoloxidase cascade pathway is activated by ScathL, resulting in 
melanin production (Li et al., 2008).  
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Another recent study of injection of the yeast (Pichia pastoris) -expressed ScathL into 
tomato moth, Lacanobia oleracera, showed that the injected insects had extensive 
melanization and were flaccid (Philip et al., 2007).  The authors concluded that ScathL has 
insecticidal activity when injected, and that the toxicity is depend on proteinase activity 
which is consistent with studies in our lab (Li et al., 2007). They also concluded that the 
extensive and progressive melanization of insects which die as a result of ScathL must result 
from the production of active polyphenol oxidase (Philip et al., 2007). The inference here is 
that ScathL is triggering the production of active polyphenol oxidase through its proteolytic 
activity, which leads to the normal proteolytic activation cascade for polyphenol oxidase 
being “ short circuited”, and active polyphenol oxidase being produced in large amounts 
(Philip et al., 2007). However, Li et al (2008) showed that ScathL does not directly activate 
prophenoloxidase (Li et al, 2008). 
To assess the potential non-target effects of consumption of H. virescens larvae 
infected with AcMLF9.ScathL, risk assessment studies were conducted according to the 
requirements of the United States Environmental Protection Agency (EPA). The use of 
AcMLF9.ScathL in pest management would pose no greater risk to insect predators in the 
environment than use of the wild-type virus AcMNPV C6 (Boughton, Obrycki, and Bonning, 
2003). Two common predators, the lacewing Chrysoperla carnea, and the ladybird beetle 
Coleomegilla maculata were used in this study. There were no significant differences in 
development rates between C. carnea fed H. virescens infected with AcMNPV C6 or 
AcMLF9.ScathL. The survival of C. carnea larvae on AcMLF9.SCathL-infected larvae was 
actually greater than that of larvae fed on wild type virus-infected larvae, probably because 
the proteolytic action of ScathL facilitated the extra-oral digestion of C. carnea. There was 
no evidence of adverse effects of AcMLF9.ScathL on C. maculata although this species 
exhibited low survival on diets composed exclusively of H. virescens. In choice tests, neither 
predator exhibited a preference between uninfected H. virescens and H. virescens infected 
with AcMNPV C6 or AcMLF9.ScathL. Another risk assessment study using the parasitoid 
Cotesia marginiventris (Cresson), which parasitized infected second-instar H.virescens 
showed that infection AcMLF9.ScathL did not affect the host preference of the parasitoid 
(Nusawardani et al., 2005). However, the survival of parasitoids emerging from hosts 
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infected with AcMLF9.ScathL was lower than parasitoids emerging from hosts infected with 
wild type virus or uninfected controls (Nusawardani et al., 2005). The authors concluded that 
use of AcMLF9.ScathL in insect pest management poses a slightly greater risk to the 
parasitoid at early stages of parasitoid development than use of wild type virus at a dose of 
> LD99 (Nusawardani et al., 2005). 
5. Thesis Organization 
 
Chapter 1 of the thesis provides a general introduction to the background for my 
research on the insecticidal activity of the baculovirus-expressed basement membrane 
degrading protease. Chapter 2 is entitled “Tissue specificity of a baculovirus-expressed, 
basement membrane-degrading protease in larvae of Heliothis virescens”. This chapter 
consists of a manuscript published in Tissue and Cell 39 (2007) 431-443. It is co-authored by 
Huarong Li, Soi Meng Lei, Robert L. Harrison and Bryony C. Bonning. Dr. Huarong Li’s 
contribution to this paper was construction of AcMLF9.ScathL.C146A and provision of 
many good suggestions. He also conducted experiments for Figure 2. Soi Meng Lei 
conducted the experiment shown in Figure 1. Dr. Robert L. Harrison constructed 
AcMLF9.ScathL and designed the project with Dr. Bryony C. Bonning.  Dr. Bryony C. 
Bonning, my major professor, provided funding to make the research possible and gave 
extensive guidance on the project, on interpretation of results and on preparation of the 
manuscript. Chapter 3 describes work to determine the mechanism of insecticidal activity of 
the baculovirus-expressed basement membrane degrading protease by using polydnavirus 
immunosuppressive genes. Chapter 4 contains a general discussion. All references cited 
except for Chapter 2 are listed at the end of the thesis. 
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CHAPTER 2. TISSUE SPECIFICITY OF A BACULOVIRUS-
EXPRESSED, BASEMENT MEMBRANE-DEGRADING PROTEASE IN 
LARVAE OF HELIOTHIS VIRESCENS 
A paper published in Tissue and Cell 
 
Hailin Tang, Huarong Li, Soi Meng Lei, Robert L. Harrison, and Bryony C. Bonning 
 
Abstract 
 
ScathL is a cathepsin L-like cysteine protease from the flesh fly, Sarcophaga 
peregrina, which digests components of the basement membrane during insect 
metamorphosis. A recombinant baculovirus (AcMLF9.ScathL) expressing ScathL kills larvae 
of the tobacco budworm Heliothis virescens significantly faster than the wild type virus and 
triggers melanization and tissue fragmentation shortly before death. The tissue fragmentation 
was assumed to be a direct consequence of basement membrane degradation by ScathL. The 
goal of this study was to investigate the tissue specificity of ScathL when expressed by 
AcMLF9.ScathL using light, transmission and scanning electron microscopy. Baculovirus 
expression of ScathL resulted in damage to the basement membrane overlying the midgut, fat 
body and muscle fibers in larvae infected with AcMLF9.ScathL, but not in larvae infected 
with the control virus AcMLF9.ScathL.C146A or wild type virus AcMNPV C6. Injection of 
recombinant ScathL and high levels of baculovirus-mediated expression of ScathL resulted 
in complete loss of the gut. Extensive damage to the basement membrane mediated by 
ScathL likely resulted in loss of viability of the underlying tissue and subsequent death of the 
insect. These results confirm the conclusion of an earlier study (Philip, J.M.D., Fitches, E., 
Harrison, R.L., Bonning, B.C., Gatehouse, J.A., 2007. Characterization of functional and 
insecticidal properties of a recombinant cathepsin L-like proteinase from flesh fly 
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(Sarcophaga peregrina), which plays a role in differentiation of imaginal discs. Insect 
Biochem. Mol. Biol. 37, 589–600) of the remarkable specificity of this protease. 
 
Keywords: Heliothis virescens; Basement membrane; Autographa californica 
multiple nucleopolyhedrovirus; Cathepsin L; Ultrastructure 
 
1. Introduction 
 
Baculoviruses are arthropod-specific viruses that infect many agriculturally 
significant pests, primarily within the Lepidoptera. Baculoviruses have double-stranded 
circular DNA genomes contained within an enveloped, rod-shaped nucleocapsid, and have 
two phenotypes: occlusion-derived virus (ODV) and budded virus (BV). Following ingestion 
of virus, ODVs released from polyhedra (occlusion bodies) within the alkaline environment 
of the insect midgut cause the initial infection of the midgut epithelial cells (Bonning, 2005); 
BVs are produced and released from the infected cells and are responsible for the secondary 
infection of other tissues within the host (Trudeau, Washburn, and Volkman, 2001). 
Polyhedra are produced in massive amounts in the host and are released into the environment 
following death and lysis of the host insect. Although baculoviruses have potential for insect 
pest control, they have not been widely used in part because they are poorly competitive with 
chemical pesticides in terms of speed of action. Recombinant baculoviruses expressing 
neurotoxins, enzymes, and insect peptide hormones have been constructed for enhanced 
insecticidal efficacy (Kamita et al., 2005; van Beek and Hughes, 1998). 
Host basement membrane has been identified as a potential target for improving 
baculovirus insecticidal efficacy (Keddie, Aponte, and Volkman, 1989). Basement 
membrane are extracellular sheets of protein, composed primarily of laminin, type IV 
collagen, and proteoglycans that surround all tissues providing structural support, and a 
surface for cell attachment (Rohrback and Rohrback, 1993)and (Yurchenco and O'Rear, 
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1993). There is high homology between the basement membrane of invertebrates and 
vertebrates in composition, structure, and function (Fessler and Fessler, 1989). Within 
infected insects, basement membranes appear to act as a barrier to dissemination of 
baculoviruses as well as other viruses (Romoser et al., 2005). BVs are too large to freely 
diffuse through the pores in the basement membrane that surround tissues of the host insect 
(Reddy and Locke, 1990). Coinjection of BVs and clostridial collagenase, a protease known 
to degrade basement membrane, resulted in enhanced infection of host tissues (Smith-
Johannsen, Witkiewicz, and Iatrou, 1986). An ultrastructural study of infection by the 
baculovirus Cydia pomonella granulovirus revealed substantial accumulation of BVs in the 
extracellular spaces between basement membranes and the plasma membranes of midgut and 
fat body cells (Hess and Falcon, 1987). Collectively, these observations suggest that insect 
basement membrane inhibits the movement of BVs. 
ScathL, a cathepsin L-like cysteine protease from the flesh fly Sarcophaga peregrina 
Robineau-Desvoidy, is a potent basement membrane-degrading protease. In the flesh fly, this 
cathepsin L degrades two components of the BM (Homma and Natori, 1996). To determine 
whether disruption of the BM could accelerate dissemination of BV within an infected host, a 
recombinant baculovirus AcMLF9.ScathL expressing ScathL was constructed (Harrison and 
Bonning, 2001). The recombinant virus killed Heliothis virescens larvae approximately 30% 
faster than a virus expressing a scorpion venom-derived neurotoxin, and over 50% faster than 
the wild type virus AcMNPV C6 (Harrison and Bonning, 2001). In addition, 
AcMLF9.ScathL caused fragmentation of internal tissues and melanization of infected H. 
virescens larvae prior to death. Wild-type baculovirus-infected larvae typically melanize after 
death. 
We have tested several hypotheses to elucidate the mechanisms underlying the 
insecticidal activity of ScathL. In this paper we describe experiments conducted to test the 
hypothesis that ScathL causes damage to tissues other than the basement membrane. 
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2. Materials and methods 
 
2.1. Insect cells, insects and viruses 
 
Spodoptera frugiperda Sf21 cells (Vaughn et al., 1977) were maintained in TC-100 
medium (Sigma) supplemented with 10% fetal bovine serum (FBS, Intergen) and antibiotics 
(1U/ml penicillin, 1 µg/ml streptomycin; Sigma). Trichoplusia ni BTI-TN-5B1-4 (High 
Five™) cells (Wickham et al., 1992) were maintained in Ex-Cell 405 medium (JRH 
Biosciences) supplemented with antibiotics only. Both cell lines were maintained at 28 °C.  
Eggs of H. virescens were obtained from Bio-Serv Company (Frenchtown, NJ). 
Larvae of H. virescens were reared individually on artificial tobacco budworm diet (Bio-
Serv) in 1 oz. plastic cups at 28 °C with a 14:10 h light: dark cycle. 
The wild-type Autographa californica multiple nucleopolyhedrovirus (AcMNPV) 
strain C6 and the recombinant viruses, AcMLF9.ScathL (Harrison and Bonning, 2001) and 
AcMLF9.ScathL.C146A (Li et al., 2007) were used for this study. AcMLF9.ScathL 
expresses a functional protease, ScathL, derived from the flesh fly. AcMLF9.ScathL.C146A 
expresses a catalytic site mutant of ScathL. The expression of both proteins was directed by 
the AcMNPV p6.9 promoter (Harrison and Bonning, 2000b; Hill-Perkins and Possee, 1990), 
additional recombinant viruses AcMLF9.ScathL.hsp70/LacZ and 
AcMLF9.ScathL.C146A.hsp70/LacZ were constructed to express ScathL or ScathL.C146A 
along with the reporter β-galactosidase under control of the constitutively expressed hsp70 
promoter (Li et al., 2007). Polyhedra were generated and purified as described previously 
(Harrison and Bonning, 2001), resuspended in glycerin and water (3:2, vol/vol), quantified 
using a hemocytometer, and stored at 4 °C. 
 
 
  
14 
2.2. In vitro digestion of basement membrane with ScathL 
 
To evaluate the specificity of catalytic activity of ScathL to component proteins of 
insect basement membranes, we performed in vitro digestion of basement membranes of H. 
virescens larvae with purified yeast-expressed ScathL (Philip et al., 2007). Early fifth instar 
larvae of H. virescens were anesthetized on ice for 15–25 min and dissected in PBS buffer 
(pH 7.4). The digestive tracts (minus food bolus) were excised, transferred to a 1.5-ml 
centrifuge tube containing 1 ml of the PBS buffer with 50% glycerol (v/v), approximately 15 
digestive tracts per tube, and stored at −20 °C until use. Basement membrane was isolated 
from the dissected guts as described previously ((Ryerse and Reisner, 1985) with minor 
modifications. Briefly, following two washes on ice with PBS buffer, the gut samples were 
incubated with 500 µl of 0.35 M citric acid buffer (pH 2.0) in a slide well at room 
temperature with gentle agitation for 5 min to dissociate epithelial cells from the basement 
membrane. Dissociated cells in the buffer were washed away by adding fresh citric acid 
buffer. Clumps of cell-free basement membrane were sonicated for 1 min three times, using a 
Branson B12 bath sonicator in 1 ml of the citric acid buffer in a dram glass vial at an output 
of 3 W. After washing twice in 500 µl PBS with centrifugation at 1000 × g for 5 min at 4 °C, 
the basement membrane pellet was resuspended in 50 µl PBS with 50% (v/v) glycerol and 
stored at −20 °C. Prior to proteolytic digestion, the basement membrane was washed twice 
with 500 µl of 0.5 M sodium acetate buffer (pH 5.0) and resuspended in 30 µl of the same 
buffer. The protein concentration of the samples was measured using the Bradford assay with 
BSA as a standard (Bradford, 1976). Twenty-five micrograms of basement membrane 
protein was incubated with various quantities of ScathL (0, 1.0, 2.0, 5.0, and 10 µg) in a 
reaction volume of 50 µl of 0.5 M sodium acetate buffer (pH 5.0) at 37 °C for 3 h. The 
reactions were stopped by heating at 95 °C for 10 min and the samples were subjected to 
SDS-PAGE analysis in 8% gels. 
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2.3. Injection of larvae with recombinant ScathL 
 
Larvae of H. virescens were injected into a proleg with purified yeast-expressed 
ScathL to determine the impact of injected ScathL on internal tissues. Larvae were injected 
with either 20 or 100 µg of ScathL in 5 µl of PBS (pH 7.4) using a microapplicator (Burkard 
Scientific Ltd., Middx, UK). Control larvae were injected with PBS only. Five larvae were 
injected for each treatment. Injected larvae were returned to individual cups with diet and 
maintained at 28 °C. Three hours after injection, larvae were dissected in PBS. Larvae were 
monitored for responses to injection of ScathL. 
 
2.4. Visualization of internal tissue damage resulting from baculovirus expression of 
ScathL 
 
To assess damage to internal tissues resulting from virus-expressed ScathL, 50–60 
newly molted fifth instar larvae within 1 h of ecdysis of the fourth instar cuticle were infected 
with either AcMLF9.ScathL.hsp70/LacZ or AcMLF9.ScathL.C146A.hsp70/LacZ using a 
microapplicator (Burkard Scientific Ltd.) for direct delivery of the inoculum (1 µl suspension 
containing 5 × 105 polyhedra) into the midgut (Washburn, Kirkpatrick, and Volkman, 1995). 
Inoculated larvae were maintained at 28 °C. Following melanization of the cuticle of larvae 
infected with AcMLF9.ScathL.hsp70/LacZ at approximately 48 h post inoculation (hpi), all 
of the larvae were dissected and whole mounts made for visualization of the extent of virus 
infection as indicated by expression of β-galactosidase (Washburn, Kirkpatrick, and 
Volkman, 1995). Larval tissues were observed under a dissection microscope to assess the 
presence and distribution of blue coloration resulting from β-galactosidase expression, which 
was indicative of virus infection and to compare the internal tissues of larvae infected with 
the ScathL- and ScathL.C146A-expressing viruses. 
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2.5. Transmission electron microscopy 
 
Newly molted fifth instar larvae of H. virescens were orally inoculated with 
AcMNPV C6, AcMLF9.ScathL, or AcMLF9.ScathL.C146A using a microapplicator 
(Burkard Scientific Ltd.) at 5 × 102 polyhedra/larva, 60 larvae per treatment. At 116 hpi, 
insects were dissected. Midgut and fat body were excised and fixed in 2% paraformaldehyde 
and 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 48 h at 4 °C. 
Following two washes in 0.1 M sodium cacodylate buffer, tissues were subjected to 
secondary fixation in 1% osmium tetroxide in the same buffer for 1 h at room temperature. 
Samples were dehydrated in an ethanol series (25–100% ethanol) and transferred to acetone 
and infiltrated with Embed 812 epoxy resin (Electron Microscopy Science, Fort Washington, 
PA) in a stepwise manner with ratios of acetone to Embed of 3:1, 1:1, 1:3 and finally 
transferred into pure resin. Each infiltration step was allowed to proceed from 30 min to 1 
day. Specimens were cast in pure resin and allowed to harden at 50 °C for 1 day followed by 
60 °C for 2 d. Ultrathin sections were cut with a Leica Ultramicrotome and positively stained 
using 5% uranyl acetate and Reynolds lead citrate. Sections were observed with a JEOL 
1200EX scanning and transmission electron microscope at 80 kV. At least 100 holders each 
containing 4–7 sections were examined. 
 
2.6. Scanning electron microscopy 
 
Newly molted fifth instar larvae of H. virescens were orally inoculated with 
AcMNPV C6, AcMLF9.ScathL, or AcMLF9.ScathL.C146A using a microapplicator at 5 × 
105 poly/larvae, 15 larvae per treatment. At 56 hpi, larvae were dissected and fixed as 
described for transmission electron microscopy. After dehydration through 25–100% ethanol, 
the tissue samples were dried in a Denton critical point dryer (CPD) using liquid carbon 
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dioxide and attached to an aluminum stub with an adhesive stab. Silver paint was spread at 
the base of the samples and extended over the tab to the aluminum stub. The mounted 
samples were then sputter-coated in a Denton sputter-coater with a 20:80 gold/palladium 
layer. Midgut and fat body were then subjected to scanning electron microscopy with 
standard procedures using a digital JEOL 5800LV scanning electron microscope at either 10 
or 15 kV. 
3. Results 
 
3.1. ScathL-mediated digestion of H. virescens basement membrane 
 
In vitro digestion of H. virescens basement membrane by ScathL revealed some 
specificity for high molecular mass proteins at low concentrations (Fig. 1). When 25 µg of 
basement membrane protein was incubated with 1.0 µg of ScathL at 37 °C for 3 h, the 
protein pattern resolved by SDS-PAGE was similar to that of the control without ScathL. 
When the amount of ScathL was increased to 2.0 µg, a number of proteins disappeared; in 
particular, one or two protein bands with molecular masses of 200–210 kDa. As the quantity 
of ScathL increased, more basement membrane proteins were digested with few proteins 
remaining following addition of 10 µg ScathL. 
 
3.2. In vivo digestion of basement membrane by ScathL 
 
The basement membranes and underlying larval tissues were clearly damaged 
following injection of recombinant ScathL (Fig. 2). Three hours after injection with 20 µg of 
ScathL, the epithelial cell layer of the gut was lost, and lobes of fat body floated freely in the 
body cavity (Fig. 2B). Tracheae were clearly visible. At an injection dose of 100 µg, almost 
all internal tissues including the gut, fat body, trachea, and malphigian tubules were digested 
(Fig. 2C). All ScathL-injected larvae died at 3 hpi, exhibiting dark or melanized cuticle (Fig. 
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2D). Mock-injected larvae (control) were healthy and appeared normal internally (Fig. 2A 
and E). When orally inoculated with AcMLF9.ScathL.hsp70/lacZ, approximately half of the 
infected larvae melanized by 48 hpi, and all tissues were infected as shown by β-
galactosidase staining (blue coloration). Fat body and gut tissues were damaged similar to the 
impact of the 20 µg ScathL injection on tissue integrity (Fig. 2B and F). In contrast, no tissue 
damage was observed following infection with AcMLF9.ScathL.C146A.hsp70/lacZ that 
expresses a catalytically inactive ScathL (Fig. 2G). 
 
3.3. Impact of ScathL on midgut ultrastructure 
 
Examination of ultrathin sections of midgut tissues by transmission electron 
microscopy revealed accumulation of budded virus beneath the basement membrane of H. 
virescens larvae infected with the wild type virus, AcMNPV C6 (Fig. 3A) and the 
recombinant control virus AcMLF9.ScathL.C146A (Fig. 3B). In contrast, budded virus did 
not accumulate beneath the basement membrane of larvae infected with AcMLF9.ScathL 
(Fig. 3C and D). Of note were multiple layers of basement membrane that were consistently 
observed overlying the gut of larvae infected with the ScathL-expressing virus. 
Examination of tissues by scanning electron microscopy showed that the surfaces of 
the midgut and associated tracheae were covered by a smooth sheet of basement membrane 
that was intact in the larvae infected with wild type virus C6 (Fig. 4A) and 
AcMLF9.ScathL.C146A (Fig. 4B). The basement membranes of the midgut and some 
tracheae were disrupted or perforated (Fig. 4C and D) in larvae infected with 
AcMLF9.ScathL, which is in agreement with the TEM observations for this tissue (Fig. 3). 
Structures adhering to the basement membrane at sites of damage are likely to be hemocytes 
recruited to the site of damage for repair of the basement membrane (Fig. 4C and D). The 
basement membrane overlying muscle fibers was also disrupted in larvae infected with 
AcMLF9.ScathL (Fig. 5C and D), in contrast to that of control larvae infected with wild type 
virus C6 or AcMLF9.ScathL.C146A (Fig. 5A and B). 
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3.4. EM examination of fat body tissues 
 
The basement membrane overlying fat body tissue was intact as determined by TEM 
in larvae infected with AcMNPV C6 (Fig. 6A) or AcMLF9.ScathL.C146A (Fig. 6B) and 
damaged in larvae infected with AcMLF9.ScathL (Fig. 6C and D). Images produced by SEM 
support this conclusion: a very smooth basement membrane was seen for larvae infected with 
AcMNPV C6 (Fig. 7A) or AcMLF9.ScathL.C146A (Fig. 7B), while the basement membrane 
overlying the fat body in AcMLF9.ScathL-infected larvae was heavily damaged with many 
holes (Fig. 7C and D). Hemocytes appeared to be present at some sites of basement 
membrane damage (Fig. 7C and D). 
 
4. Discussion 
 
In this study we tested the hypothesis that ScathL expression disrupts tissues in 
addition to the basement membrane. We demonstrated that on addition of low concentrations 
of yeast-expressed recombinant ScathL to basement membrane preparations in vitro, 
basement membrane proteins of around 210 kDa were digested, showing substrate specificity 
under these conditions. However, almost all basement membrane proteins were degraded at 
high concentrations of ScathL. In the flesh fly, ScathL released from the imaginal discs of 
pupae specifically digests two basement membrane proteins with molecular masses of 200 
and 210 kDa (Homma and Natori, 1996). The degraded H. virescens basement membrane 
proteins of 200–210 kDa are likely to be homologs of the flesh fly proteins that are targeted 
by ScathL during metamorphosis. 
The substrate specificity of ScathL at physiologically relevant concentrations was 
supported by our observations from light and electron microscope analysis of tissues from 
larvae infected with the ScathL-expressing baculovirus, AcMLF9.ScathL. At early stages of 
infection, specific disruption of basement membrane overlying the gut and fat body was 
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observed for the larvae infected with AcMLF9.ScathL. At a later stage of infection, as the 
concentration of baculovirus-expressed ScathL increased, tissues became fragmented and 
disappeared, with insects dying shortly thereafter. Injection of recombinant ScathL and 
baculovirus expression of ScathL resulted in similar loss of gut epithelial cells at low doses 
or early time points in infection, respectively, and complete loss of the gut at high doses or 
later times in infection. Damage to basement membrane overlying the epithelial cells likely 
compromises the viability of the underlying cells. However, it is unclear whether basement 
membrane damage results in subsequent loss of the gut epithelium at low concentrations of 
ScathL, or whether ScathL directly degrades epithelial proteins at high concentrations. Based 
on a previous study that showed no evidence of extensive ScathL-mediated proteolysis in the 
hemolymph or gut tissue (Philip et al., 2007), it is likely that tissues lose integrity when 
basement membrane is lost. The specificity of the protease activity of ScathL shown in the 
current study is supported by earlier reports that addressed both the physiological impact of 
ScathL in Sarcophaga peregrina, and in vitro substrate specificity of the enzyme (Homma, 
Kurata, and Natori, 1994; Homma and Natori, 1996) and (Philip et al., 2007).  
Also of note are the layers of basement membrane seen by TEM following virus-
mediated expression of ScathL in the gut epithelium (Fig. 3C and D). These multiple layers 
may be cross sections of multiple pieces of basement membrane that have separated from the 
underlying tissue as a result of ScathL action, or may represent degraded and newly 
synthesized basement membrane. However, the uniform thickness of these layers suggests 
that they are not newly synthesized. The appearance of ScathL-disrupted BM overlying the 
gut by SEM is shown in Fig. 4C.  
As noted previously (Hess and Falcon, 1987), BVs of AcMNPV accumulated beneath 
the basement membrane of the midgut in H. viresence larvae infected with the wild type or 
the control virus AcMLF9.ScathL.C146A. We did not see accumulation of BV in larvae 
infected by AcMLF9.ScathL. These observations were also the same for fifth instar larvae 
infected with 5 × 105 polyhedra per larva and examined at 56 hpi (Table 1, Table 2). The 
release of BV directly into the hemocoel is consistent with the basement membrane damage 
caused by ScathL. Despite the lack of accumulation of BV beneath the basement membrane, 
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the rate of dissemination of ScathL-expressing viruses within the host insect was not 
different from that of control viruses, possibly because ScathL was not expressed 
immediately in the infected cells (Li et al., 2007). ScathL expression was directed by the late 
baculovirus promoter p6.9 (Hill-Perkins and Possee, 1990),with ScathL synthesis starting 8 
hpi with peak synthesis at 12–15 hpi. The production of ScathL and consequent basement 
membrane damage was too late to impact establishment of secondary infection within the 
host. This study also suggests that BVs do have a means by which they traverse the basement 
membrane, supporting earlier speculations (Federici, 1997).  
Examination by SEM of AcMLF9.ScathL-infected larvae showed damage to the 
basement membrane overlying the midgut, fat body, muscle fibers and tracheae. In some 
cases (e.g. Fig. 4 and Fig. 5) hemocytes appeared to be present at the sites of damage. 
Hemocytes, and granular cells in particular, are recruited to sites of injury and play an 
important role in both the synthesis and repair of basement membrane (Lanot et al., 2001; 
Nardi, Gao, and Kanost, 2001). For example, the basement membrane protein lacunin 
accumulates in granular cells as basement membrane breaks down during development, and 
is also synthesized by the same cells. As the new basement membrane is produced, the 
numbers of granular cells decline (Nardi, Gao, and Kanost, 2001).Hemocytes also participate 
in encapsulation of virus-infected cells in host larvae that are only semipermissive to 
baculovirus infection, such as Manduca sexta and Helicoverpa zea (Washburn et al., 
2000)and (Trudeau, Washburn, and Volkman, 2001). The signal for recruitment of 
hemocytes to sites of infection may be disruption of the basement membrane structure as the 
underlying infected cell distends. In permissive hosts, the baculovirus is able to infect and 
replicate in the hemocytes, thereby blocking their ability to encapsulate (Trudeau, Washburn, 
and Volkman, 2001). H. virescens is permissive to AcMNPV infection, and we therefore 
conclude that hemocytes at sites of basement membrane damage are likely not infected. BV 
titers in the hemolymph of larvae infected with AcMLF9.ScathL were significantly lower 
than titers in larvae infected with wild type or the recombinant control virus (Li et al., 2007). 
One possible explanation for this is that production and secretion of ScathL by the virus and 
consequent disruption of the basement membrane overlying that cell may compromise the 
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viability of the infected cell. Loss of infected cells as a result of ScathL expression would 
reduce BV production.  
A recent study describes tissue distribution and expression of a cathepsin L, Har-CL, 
which is a homolog of ScathL isolated from Helicoverpa armigera (Liu et al., 2006). Har-CL 
expression was correlated with ecdysone titers and increased during larval molting. The 
authors propose that Har-CL functions to regulate insect molting, although the substrate of 
this cathepsin L remains to be determined. There was no evidence for a role of ScathL in 
larval cuticle degradation in our examination of the tissue specificity of ScathL in H. 
virescens. Hence these two evolutionarily related enzymes may be specialized for different 
roles in larval development. 
In conclusion, ScathL specifically degrades components of the basement membrane 
at low concentrations, while high concentrations of ScathL result in the complete loss of 
tissues presumably as a result of non-specific degradation. For further elucidation of the 
mechanism of insecticidal action of ScathL, we plan to separate the impact of ScathL on 
basement membrane integrity from the potential impact of melanization and associated 
production of toxic free radicals, which also may play a role in the insecticidal action of 
ScathL. 
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FIG. 1 
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FIG.1. In vitro digestion of the basement membrane (BM) of H. virescens larvae by 
recombinant ScathL. SDS-PAGE showing incubation of 25 µg BM protein with various 
amounts of purified, yeast-expressed ScathL in 0.5 M sodium acetate buffer (pH 5.0). 
Samples were incubated at 37 °C for 3 h. Arrow indicates the missing proteins around 210 
kDa in ScathL-digested BM samples. BM, BM only; 1, BM plus 1 µg ScathL; 2, BM plus 2 
µg ScathL; 5, BM plus 5 µg ScathL; 10, BM plus 10 µg ScathL; ScathL, 10.0 µg ScathL 
only; M: molecular mass markers (kDa). 
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FIG. 2 
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Fig. 2. Gut damage and cuticle melanization of fifth instar larvae of H. virescens at 3 h post 
injection (hpi) of ScathL enzyme (B–D), or infected with ScathL-expressing viruses (F, G). 
(A) injected with PBS buffer (pH 7.4) as a control; (B) and (C) injected with ScathL enzyme 
at 20 and 100 µg, respectively; (D) ScathL-injected larvae melanized; (E) PBS buffer-
injected larvae without melanization; (F) and (G) gut of insects orally inoculated with 
AcMLF9.ScathL.hsp70/LacZ or AcMLF9.ScathL.C146A.hsp70/LacZ respectively at 5 × 
105 polyhedra/larva, at 48 hpi. The extent of virus infection is visualized with X-gal. Note 
the absence of the midgut in (F) (arrow head). MG, midgut; T, tracheal branch. All bars = 1 
cm.
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FIG. 3 
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Fig. 3 Transmission electron microscopy (TEM) of the midgut of H. virescens larvae infected 
with 5 × 102 polyhedra/larva at 116 hpi. (A) and (B) budded viruses (BV) accumulated 
beneath the basement membrane (BM) of midgut of larvae infected with wild type virus C6 
and control virus AcMLF9.ScathL.C146A, respectively. (C) and (D) BM of midgut of larvae 
infected with AcMLF9.ScathL. Few BV were seen beneath the BM. Arrow head shows a 
single BV in longitudinal section in C. ODV, occlusion-derived virus; P, polyhedron. All 
bars = 500 nm. 
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FIG. 4 
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Fig. 4 Scanning electron microscopy (SEM) of midguts of H. virescens larvae infected with 5 
× 105 polyhedra/larva at 56 hpi. (A) and (B) Intact basement membrane and trachea (T) of 
larvae infected with wild type virus C6 and control virus AcMLF9.ScathL.C146A, 
respectively. (C) and (D) Damaged basement membrane and trachea of AcMLF9.ScathL-
infected larvae, with hemocytes indicated (arrow heads). Inset shows hemocytes at higher 
magnification. M, muscle. All bars = 25 µm. 
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FIG. 5 
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Fig. 5 Scanning electron microscopy of midgut of H. virescens larvae infected with 5 × 105 
polyhedra/larva at 56 hpi. (a) and (b) intact muscles (m) of wild type virus C6 and control 
virus AcMLF9.ScathL.C146A-infected larvae, respectively. (c) and (d) damaged muscles of 
midgut of larvae infected with AcMLF9.ScathL. Damage to BM surrounding the muscle 
fibers resulted in apparent dissociation of the fibers. All bars = 100 µm.
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FIG. 6 
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Fig. 6 Ultrastructural view of fat body of H. virescens larvae infected with 5 × 102 
polyhedra/larva at 116 hpi. (A) and (B) intact basement membranes (BM) of fat body of wild 
type virus C6 and control virus AcMLF9.ScathL.C146A-infected larvae, respectively. (C) 
and (D) damaged basement membrane of fat body of AcMLF9. ScathL-infected larvae. 
Arrow head indicates break in the BM. BV, budded virus. All bars = 50 µm. 
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FIG. 7 
 
 
  
36 
Fig. 7. Scanning electron microscopy of fat bodies of H. virescens larvae infected with 5 × 
105 polyhedra/larva at 56 hpi. (A) and (B) intact basement membrane of fat body of larvae 
infected with wild type virus C6 and control virus AcMLF9.ScathL.C146A, respectively. (C) 
and (D) damaged basement membranes of AcMLF9.ScathL-infected larvae. Hemocytes 
appear to be present at some sites of basement membrane damage. All bars = 10 µm. 
  
37 
 CHAPTER 3. MECHANISM OF INSECTICIDAL ACTION OF 
BACULOVIRUS-EXPRESSED SCATHL 
 
Hailin Tang, Huarong Li and Bryony C. Bonning 
 
Abstract 
 
A recombinant baculovirus that expresses ScathL (AcMLF9.ScathL) kills larvae of 
the tobacco budworm, Heliothesis virescens, significantly faster than the wild-type virus and 
triggers melanization and tissue fragmentation in infected larvae shortly before death. Further 
studies showed that the enhanced insecticidal efficiency of the recombinant baculovirus that 
expresses ScathL does not result from altered tissue tropism or accelerated systemic infection 
by the virus. There are two possible mechanisms for the insecticidal action of baculovirus-
expressed ScathL; the first is the impact of cysteine protease activity in damaging insect 
tissues: the second potential mechanism is insect death resulting from unregulated 
melanization that follows damage to insect tissues. Because quinone intermediates and 
melanin produced during melanization are toxic to both hosts and pathogens, activation of 
prophenoloxidase must be localized, target-specific and very tightly regulated to avoid fatal 
systemic damage. Toxic free radical and/or other reactive oxygen intermediates (ROI) and 
reactive nitrogen intermediates (RNI) are also produced during melanization. On the basis of 
their high reactivity, these free radicals, ROI and RNI, can participate in unwanted side 
reactions resulting in cell damage and cause death. However, unregulated melanization was 
observed prior to death of AcMLF9.ScathL-infected larvae. To determine the mechanism of 
insecticidal activity of baculovirus-expressed ScathL we are using immunosuppressive 
vankyrin genes and epidermal growth factor like genes (Egf1.0) derived from polydnaviruses 
to suppress the host immune response. The vankyrin gene family is the only gene family 
present in both Ichnovirus and Bracovirus genomes. The ubiquitous presence of the vankyrin 
genes suggests an underlying importance for activities of these genes in both polydnaviruses. 
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The vankyrin genes may interfere with the immune response by producing  irreversible 
inhibitors that block the NF-κβ immune-cell signal cascade. Egf1.0 blocks activation of the 
phenoloxidase cascade via inhibition of the prophenoloxidase-activating proteinase.  
 
1. Introduction 
 
Unregulated melanization was observed prior to the death of insects infected with the 
baculovirus expressing ScathL, AcMLF9.ScathL. Toxic free radical and reactive 
intermediates of oxygen and nitrogen produced during melanization can participate in 
unwanted side reactions resulting in cell damage and death. By using a virus expressing a 
catalytic site mutant of ScathL (AcMLF9.ScathL.C146A) it was confirmed that the cysteine 
protease activity is required for this recombinant virus to kill the insect (Li et al., 2007) . To 
separate the impact of ScathL-mediated damage from the impact of toxic free radicals 
associated with unregulated melanization of the infected larvae, we are using polydnavirus-
derived immunosuppressive genes to block the melanization response. By examining the 
impact of AcMLF9.ScathL on larvae in the absence of melanization, we may be able to 
delineate the cause of larval death.  
The vankyrin gene family of the polydnavirus C. sonorensis IV has weak but 
significant identities with the inhibitory domains of the Drosophila NF-κβ transcription 
factor inhibitor (Iκβ). The structure of vankyrin genes suggests a possible role for the CsIV 
genes in irreversible binding to modify or inhibit NF-κβ signaling cascades within parasitized 
H. virescens hosts. Epidermal growth factor-like motif genes are the only M. demolitor 
bracovirus-encoded factors that are responsible for disabling the insect melanization 
response. 
Insects have a well-developed innate immune response but are generally thought to 
lack an acquired immune system. In arthropods, innate immunity serves as a first line of 
defense. The hallmarks of innate immunity are the recognition of microorganisms and rapid 
effector mechanisms that involve phagocytosis, activation of proteolytic cascades and 
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synthesis of potent antimicrobial peptides. The insect immune system is subdivided into 
humoral and cellular defense responses (Gillespie, Kanost, and Trenczek, 1997; Hoffmann et 
al., 1999). A number of humoral and cellular receptors have been identified that recognize 
different microbes and multicellular parasites (Michael, 2008). Humoral defense includes the 
production of antimicrobial peptides, reactive intermediates of oxygen and nitrogen, 
molecules associated with iron sequestration and the maintenance of intracellular redox 
homeostasis and the complex enzymatic cascades that regulate coagulation or melanization 
of hemolymph (Nappi and Christensen, 2005). In contrast, cellular defense refers to 
hemocyte-mediated immune responses like phagocytosis, nodulation and encapsulation 
(Gillespie, Kanost, and Trenczek, 1997; Hoffmann et al., 1999). Phagocytosis and 
encapsulation require that hemocytes first recognize a given target as foreign followed by 
activation of downstream signaling and effector responses (Michael, 2008). 
 
1.1 Cellular response 
 
Cellular defense is mediated by the phagocytic activities of plasmatocytes (Hoffmann 
and Reichhart, 2002; Rizki and Rizki, 1984) and refers to hemocyte-mediated responses such 
as phagocytosis, nodulation and encapsulation. The process of phagocytosis begins when a 
target binds to its cognate receptor, which activates a signaling cascade. Mammalian 
phagocytes are well known to generate reactive oxygen intermediates (ROI) and reactive 
nitrogen intermediates (RNI). These reactive intermediates are released into the phagosome 
or extracellular matrix, and are toxic to a variety of microorganisms. ROI or RNI have also 
been detected in the hemolymph and/or hemocytes of many insects. Some of the effects of 
ROI and RNI may be due to their roles in immune-related signal transduction pathways, 
rather than to any direct cytotoxic effects on parasites or pathogens. In mammals, ROI such 
as H2O2, and RNI such as NO, function as secondary messengers in signal transduction 
pathways that include activation of NF-κβ. 
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Encapsulation is the spreading of hemocytes over the surface of a foreign body 
resulting in production of a capsule. Nodulation occurs when hemocytes adhere to a foreign 
body. The most potent plasmatocyte activator identified to date is a 23-amino-acid cytokine 
called plasmatocytes spreading peptide (PSP). A change in the adhesive state of 
plasmatocytes was caused by PSP. When PSP binds to its cognate receptor, it causes 
plasmatocytes to export cytoplasmically stored adhesion molecules to their surface. 
A characteristic manifestation of the phagocytosis and encapsulation response in 
insects is melanization. The pigment appears on the surface of the cuticle where the pathogen 
breaches the integument, as well as on and very near the surfaces of organisms that have 
invaded the hemocoel of the host (Christensen et al., 2005; Nappi and Christensen, 2005). 
Although there is overwhelming evidence directly correlating melanogenesis with successful 
host responses, there is currently little experimental evidence to accurately define the role of 
melanin and its precursors in insect innate immunity. What is known is that melanogenic 
responses occurring within the hemocoel of an insect must be localized, target-specific and 
very tightly regulated processes to avoid fatal systemic damage. Nappi et al (2005) examine 
how melanogenic processes contribute to the formation of cytotoxic molecules that have the 
capacity to interact with ROI and RNI to provide an effective immune arsenal for insects 
(Nappi and Christensen, 2005).  
 
1.2 Humoral defenses 
 
Humoral defenses refer to soluble effector molecules such as antimicrobial peptides, 
complement-like proteins, and the enzymatic cascades that regulate melanin formation and 
clotting. The hallmark of the humoral reactions is the induction by microbial challenge of 
antimicrobial peptide genes in the fat body, followed by the secretion of these peptides into 
the hemolymph (Hoffmann, 2003).  Seven distinct Drosophila inducible antimicrobial 
peptides have been identified (Bulet et al., 1999; Hoffmann, 2003). They are structurally 
diverse and are mostly small in size. Their activities are directed either against fungi 
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(drosomycins, metchnikowin), or against Gram-positive (defensin) and Gram-negative 
(attacins, cecropins, drosocin, diptericins) bacteria. It is assumed that their combined 
activities largely contribute to blocking the growth of invading microorganisms in the 
hemolymph (Hoffmann, 2003).  
Another important component of the humoral immune response is the 
prophenoloxidase-activating system. It is involved in wound healing and melanotic 
encapsulation of foreign objects like parasitic wasp eggs (Lage Cerenius, 2004). This system 
comprises several components such as pattern recognition protein, a serine protease cascade 
and prophenoloxidase (Franssens et al., 2008). When pathogens succeed in penetrating the 
cuticular barrier, a second line of defense reactions is induced. Pathogen-associated 
molecular patterns (e.g. peptidoglycan, lipopolysaccharides and β-1-3-glucans) are 
recognized by PRPs, triggering the rapid activation of a serine protease cascade in the 
hemolymph. This includes the sequential activation of a yet unknown number of proteases 
and co-factors, leading to the limited proteolysis of a proPO-activating protease (PAP) 
(Jiang, Wang, and Kanost, 1998; Jiang et al., 2003; Lee et al., 1998; Satoh et al., 1999; Tang 
et al., 2006). This enzyme, in turn, catalyzes the proteolytic cleavage of the inactive proPO 
precursor into the active phenoloxidase (PO). Finally, PO catalyzes the oxidation of phenolic 
compounds to quinones, which then are converted to melanin through several non-enzymatic 
steps (Franssens et al., 2008; Lage Cerenius, 2004; Michael R. Kanost, 2004). This so-called 
melanization reaction is involved in encapsulation, wound healing and cuticle sclerotization. 
In addition, melanin synthesis includes the formation of toxic intermediary compounds, 
reactive intermediates of oxygen and nitrogen, which help to kill invading microorganisms 
(Franssens et al., 2008; Nappi and Christensen, 2005). 
Although there is overwhelming evidence directly correlating melanogenesis with 
successful host responses, there is currently little experimental evidence to accurately define 
the role of melanin and its precursors in insect innate immunity.  
The reactive intermediates of oxygen and nitrogen produced during melanization 
have been implicated, along with pigment precursors, in the killing of invaders of insects 
(Fritsche et al., 2001; Nappi and Christensen, 2005; Nappi et al., 1995). As redox-active 
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polymers, melanins engage in electron-transfer processes with a variety of reducing or 
oxidizing species. Depending on the cellular redox potential, the electron transfer processes 
mediated by melanin produce either cytoprotective substances capable of scavenging free 
radicals and sequestering redox-active metal ions, or generate substances that are cytotoxic 
(Nappi and Christensen, 2005). Thus, the polymerization of melanin proceeds via repeated 
electron-transfer reactions involving redox-active melanogenic intermediates. These pigment 
precursors, functioning alone or in combination with reactive oxygen intermediates and/or 
reactive nitrogen intermediates, constitute a potentially formidable cytotoxic system (Nappi 
and Christensen, 2005; Nappi and Vass, 1998; Nappi and Vass, 2001; Nappi et al., 1992; 
Nappi et al., 2000). 
To separate the potential cytotoxic effects of free radicals produced during 
melanization of AcMLF9.ScathL-infected insects we are using polydnavirus-derived 
immunosuppressive genes to separate the effects of melanization and the associated 
production of toxic free radicals, from the potential lethal impact of the basement membrane 
damage on physiological processes.  
 
1.3 Polydnavirus-derived Immunosuppressive genes 
 
Among the most potent immunosuppressive pathogens of insects are polydnaviruses 
(PDV) that are symbiotically associated with parasitoid wasps. PDVs do not replicate in the 
wasp’s host, but the expression of the genes carried by PDVs cause physiological alterations 
in the host, that are essential for the survival of the parasitoid’s progeny (Beck and Strand, 
2007; Lu et al., 2008). PDVs that are injected into the host by the parasitoid wasp along with 
the parasitoid eggs block encapsulation of the parasitoid eggs or other foreign targets.  
Hemocytes infected by PDV lose the capability to adhere to foreign surfaces. This infection 
also results in a more global suppression of the cellular immune response, because hemocytes 
are also unable to phagocytize bacteria or to encapsulate other foreign targets (Beck and 
Strand, 2003; Beck and Strand, 2005; Pruijssers and Strand, 2007). 
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Polydnavirus genomes are composed of multiple circular, double-stranded DNA 
segments that are packaged in multiprotein capsids surrounded by a single (Bracovirus, BVs) 
or double (Ichnovirus, IVs) lipid envelope (Thoetkiattikul, Beck, and Strand, 2005).  There 
are some similarities in DNA composition and structure between these two genomes, such as 
the genome size of IV and BV, virus segments of both groups exhibit hypermolarity and 
contain sequences that cross-hybridize to multiple segments. There are also some differences 
between IVs and BVs. IVs genomes have more but smaller genome segments than BVs, as 
visualized on agarose gels; BV virions vary in length, with multiple nucleocapsids often 
observed within the singly enveloped virions (Thoetkiattikul, Beck, and Strand, 2005; 
Tortorella et al., 2000).  
Polydnavirus immunosuppressive genes encoding vankyrins and an epidermal growth 
factor were used in our research. The vankyrin gene family is the only gene family present in 
both IV and BV genomes (Thoetkiattikul, Beck, and Strand, 2005). The ubiquitous presence 
of vankyrin genes suggests an underlying importance for activities of these genes in both 
PDVs (Kroemer and Webb, 2006). The vankyrin gene family consists of seven members 
encoded on two unique CsIV segments P and I2, which contain ankyrin repeat domains (Beck 
and Strand, 2005; Thoetkiattikul, Beck, and Strand, 2005).  
The epidermal growth factor (Egf)-like gene family has three members: Egf1.0, 
Egf1.5 and Egf0.4. These proteins share a cysteine-rich motif with similarities to the trypsin 
inhibitor-like (TIL) domains of small serine proteinase inhibitors. The target protein of egf1.0 
is a prophenoloxidase-activating proteinase  (PAP), and egf1.0 blocks the activation of the 
phenoloxidase cascade via PAP inhibition (Beck and Strand, 2005; Lu et al., 2008).  
 
1.3.1 Vankyrin gene 
 
Many Campoletis sonorensis Ichnovirus (CsIV) genes have been intensively studied 
at the molecular level (Blissard, Theilmann, and Summers, 1989; Cui, Soldevila, and Webb, 
2000; Hilgarth and Webb, 2002; Kroemer and Webb, 2005). The CsIV encodes five 
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described multi-gene families including the cys-motif, vinnexin, repeat element (rep), N-
genes and viral ankyrin gene family (vankyrin). These multigene families were characterized 
based on similarities in sequence, protein structure, expression pattern and function (Cui, 
Soldevila, and Webb, 1997; Cui, Soldevila, and Webb, 2000; Cui and Webb, 1996; Kroemer 
and Webb, 2005). Here we focus on the viral ankyrin or vankyrin gene family, in 
C. sonorensis IV. The vankyrin gene family is the only gene family present in both IV and 
BV genomes. The ubiquitous presence of vankyrin genes suggests an underlying importance 
for activities of these genes in both PDVs. The vankyrin gene family consisting of seven 
members encoded on two unique C. sonorensis IV genome segments P and I2, which contain 
ankyrin repeat domains. Members of this gene family encode open reading frames (ORFs) 
similar to the ankyrin repeat domains of the Drosophila melanogaster dorsal/NF-κβ 
transcription factor inhibitor cactus, a member of the IκB gene family (Belvin and Anderson, 
1996; Ghosh, May, and Kopp, 1998; Kroemer and Webb, 2005). Based on their tissue 
specificity of vankyrin gene transcription in parasitoid hosts, the CsIV vankyrins are divided 
into two subclasses: (1) those exhibiting the highest levels of transcription in the parasitized 
fat body relative to other tissues; P-vank-1, I2-vank-2, and I2-vank-3 and (2) those are 
restricted almost exclusively to parasitized, C. sonorensis IV-infected hemocytes; P-vank-2, 
P-vank-3, P-vank-4, and I2-vank-1 (Kroemer and Webb, 2005).  
 
This viral ankyrin (vankyrin) gene family has weak but significant identities with the 
inhibitory domains of the Drosophila NF-κβ transcription factor inhibitor (Iκβ) known as 
cactus (Belvin and Anderson, 1996; Ghosh, May, and Kopp, 1998; Kroemer and Webb, 
2005; Thoetkiattikul, Beck, and Strand, 2005). Drosophila cactus is a member of the Iκβ 
family of proteins that are regulated inhibitors of the NF-κβ family of transcription factors 
(Huxford et al., 1998). Release of NF-κβ inhibition involves the direct degradation of Iκβ 
proteins bound to the transcription factors in the cytoplasm. Interestingly, the CsIV-encoded 
vankyrin genes lack regulatory elements (nuclear export signals and destruction domains) 
associated with signal-induced and basal degradation of typical Iκβ. Such a structure suggests 
a possible role for the CsIV genes in irreversible binding to modify or inhibit NF-κβ 
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signaling cascades within parasitized H. virescens hosts. It is documented that CsIV infection 
of Heliothis virescens larvae causes severe physiological changes in the host, including 
developmental arrest, a suppression of cellular and humoral immunity, and a decrease in host 
growth-associated hemolymph proteins such as arylphorin. Increased susceptibility to 
pathogenic attack has been partly attributed to decreased induction of cecropin and lysozyme 
activities in hosts of C. sonorensis. All these activities could benefit parasitization by 
preventing lectin-mediated recognition and hemocytic destruction of the endoparasitic egg 
and larvae, as well as altering host development to support endoparasite survival and 
development. 
 
1.3.2 EGF1.0 
 
The braconid wasp Microplitis demolitor carries M. demolitor bracovirus (MdBV) 
and parasitizes the larval stage of several moth species (Lepidoptera) (Beck and Strand, 
2007). The 189-kb MdBV genome is divided among 15 DNA segments and encodes 61 
predicted genes for products ≥100 aa (Webb et al., 2006). The majority of these genes are 
related variants that form four families designated as the mucin-like cell surface genes (Glc 
family), protein tyrosine phosphatase (PTP) genes, IκB-like genes (ankyrins), and epidermal 
growth factor-like motif genes (Egf family) (Webb et al., 2006). It was reported that the Egf 
family encodes proteins that share a cysteine-rich motif with similarities to the trypsin 
inhibitor-like (TIL) domains of small serine proteinase inhibitors (smapins) (Beck and 
Strand, 2007; Zang and Maizels, 2001). Gain-of-function and RNAi experiments indicated 
that the Egf genes are the only MdBV-encoded factors that are responsible for disabling the 
insect melanization response (Beck and Strand, 2007).  
Sequence analysis showed that the three-member Egf family genes are located on 
MdBV genomic segment O (Beck and Strand, 2007; Webb et al., 2006) as melanization 
inhibitors. Egf1.5 and egf1.0 encode predicted proteins of 38.8 and 26.0 kDa that possess 
signal peptides (SP), an identical eight-cysteine-rich domain (CD), and C-terminal repeat 
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domains (RD) comprising six or three near-identical 35-aa repeats arranged in tandem array. 
Egf0.4 encodes a predicted 11.7-kDa protein with an SP, a similar but not identical CD to 
Egf1.5 and Egf1.0, and no RD (Beck and Strand, 2007). It was known that smapins bind 
target proteinases in a substrate-like fashion and are cleaved at a single reactive site bond. 
The P1–P1′ position for egf1.0 has the sequence Arg-Phe, which suggested that its target 
proteinase is a prophenoloxidase-activating proteinase (PAP). Further assay by using a well-
established method that measures melanin formation in a pro-PO-containing fraction of 
plasma after induction by the bacterium Micrococcus luteus confirmed that egf1.0 interacts 
with a conserve feature of the insect PO cascade prophenoloxidase-activating protease -3 
(PAP-3) (Beck and Strand, 2007).  
 
1.4 Other approaches to suppression of the insect immune response 
 
There are also other ways to disrupt the host melanization response.  For some 
endoparasitoids that do not have polydnaviruses, venom suppresses regulation of the host 
immune system (Richards and Parkinson, 2000). A serine proteinase homolog (SPH) in the 
venom of a PDV-carrying wasp disrupts melanization by an unknown mechanism (Beck and 
Strand, 2007; Zhang et al., 2004). This protein, designated Vn50, is a serine proteinase 
homolog containing an amino-terminal clip domain. It can effectively down-regulate pro-PO 
activation mediated by PAP. It did not inhibit active phenoloxidase (Zhang et al., 2004). An 
antibiotic (E)-1,3-dihydroxy-2-(isopropyl)-5-(2-phenylethenyl)benzene (ST) produced by an 
insect-pathogenic bacterium (Photorhabdus) suppressed host defense through phenoloxidase 
inhibition (Eleftherianos et al., 2007). ST is a potent inhibitor of the activated phenoloxidase.  
The extensive and progressive melanization of insects infected with AcMLF9.ScathL 
may result in the death of insects. Toxic free radicals and other reactive intermediates 
produced during melanization may result in cell damage and death of the insect. In this study 
we used polydnavirus-derived immunosuppressive genes, vankyrin genes and epidermal 
growth-factor-like genes to suppress the host immune response to examine the role of the 
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immune response in the larval death, and to determine the mechanism of insecticidal activity 
of baculovirus-expressed ScathL.  
 
 
2. Materials and methods 
 
We are currently constructing and testing new recombinant baculoviruses which 
express both an immunosuppressive gene, P-vankyrin-1, I2-vankyrin-3, or egf1.0 and ScathL 
or ScathL.C146A.  The vankyrin gene P-vank-1 has been shown to inhibit apoptosis (Bruce 
Webb, unpublished data). 
 
 
2.1 Viruses and Insects 
 
Eggs of H. virescens were obtained from Bio-Serv Company (Frenchtown, NJ). 
Larvae of H. virescens were reared individually on artificial tobacco budworm diet (Bio-
Serv) in 1 oz. plastic cups at 28 °C with a 14:10 h light: dark cycle. 
Two baculoviruses that express the Campoletis sonorensis IV (CsIV) vankyrin genes 
P-vank-1 or I2-vank-3 were used in this study (Kroemer and Webb, 2005; Kroemer and 
Webb, 2006). The wild-type Autographa californica multiple nucleopolyhedrovirus 
(AcMNPV) strain C6 and the recombinant viruses, AcMLF9.ScathL (Harrison and Bonning, 
2001) and AcMLF9.ScathL.C146A (Li et al., 2007) were also used. AcMLF9.ScathL 
expresses a functional protease, ScathL, derived from the flesh fly. AcMLF9.ScathL.C146A 
expresses a catalytic site mutant of ScathL (Li et al., 2007). The expression of both proteins 
was directed by the AcMNPV p6.9 promoter (Harrison and Bonning, 2001; Hill-Perkins and 
Possee, 1990) The recombinant viruses AcMLF9.ScathL.Pvankyrin1 and 
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AcMLF9.ScathL.C146A.Pvankyrin1, AcMLF9.ScathL.I2vankyrin3 and 
AcMLF9.ScathL.C146A.I2vankyrin3, AcMLF9.ScathL.EGF1.0 and 
AcMLF9.ScathL.C146A. EGF1.0 will be constructed to express ScathL or ScathL.C146A 
along with the vankyrin gene or epidermal growth factor gene 1.0 under control of the 
constitutively expressed hsp70 promoter (Li et al., 2007). Polyhedra will be generated and 
purified as described previously (Harrison and Bonning, 2001). The constructs for this new 
set of recombinant viruses are shown in (Fig. 8). 
2.1.1 Construction of recombinant viruses co-expressing ScathL and vankyrin 
 
We constructed recombinant baculoviruses for co-expression of ScathL or 
ScathL.C146A, and P-vank-1 or I2-vank-3. The vankyrin genes P-vankyrin-1 and I2-
vankyrin-3, kindly supplied by Dr. Bruce Webb, University of Kentucky, were PCR 
amplified with fragments containing the Hsp70 promoter and SV40 polyA tail. The primers 
used were HSP70F (5’-TTACAAACTGTTACGAAAACAG-3’) and PVSV40R (5’- 
AGGTCTAGAGATCCAGACATGATAAG-3’), which contains an XbaI site (underlined). 
After PCR amplification, the PCR products were digested with XbaI and ligated into the 
XbaI sites of pAcMLF9.ScathL and pAcMLF9.ScathL.C146A between the polh gene and the 
p6.9/ScathL or p6.9/ScathL.C146A cassette. Recombinant viruses were obtained through 
homologous recombination by co-transfection of Sf21 cells with Bsu36I-linearized 
AcRP23.lacZ viral DNA (Kitts, Ayres, and Possee, 1990) using calcium phosphate 
precipitation  (O'Reilly, Miller, and Luckow, 1992). Recombinant viruses were isolated by 
four rounds of plaque assay (Summers and Smith, 1987). Purified recombinant virus clones 
were checked for correct insertion of the foreign sequence by restriction enzyme analysis, 
PCR amplification and sequencing of the region where the gene was inserted. Expression of 
ScathL or ScathL.C146A and the immunosuppressive genes (P-vankyrin-1 and I2-vankyrin-
3) by the recombinant viruses were confirmed by western blotting. Following infection of 
Hi5 cells with the respective viruses, cells were pelleted, and proteins separated by SDS-
PAGE (10% gel). Proteins were then transferred to PVDF membrane for western analysis. A 
dilution of 1:1,000 was used for the anti-P-van-1 and anti-ScathL polyclonal antibodies and 
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1:5,000 was used for the alkaline phosphatase-conjugated secondary antibody (goat anti-
rabbit immunoglobulin G; Sigma,St. Louis, MO) respectively. The ECL detection system 
was used for detection of the immunosuppressive genes (Kroemer and Webb, 2006).  
The egf1.0 gene contains multiple repeat sequences and hence a strategy other than 
PCR will be used for gene amplification to produce recombinant baculoviruses for co-
expression of epidermal growth factor gene 1.0 with ScathL or ScathL.C146A. The egf1.0 
gene was kindly supplied by Dr. Michael Strand, University of Georgia. Egf1.0 is derived 
from the Microplitis demolitor bracovirus (MdBV). Egf1.0 expressed in the wasp 
M. demolitor inhibits the phenoloxidase (PO) cascade through the inhibition of the 
prophenoloxidase-activating proteinase (PAP)-3 (Beck and Strand, 2007). 
2.2 Bioassay with ScathL-expressing and vankyrin-expressing viruses 
 
Bioassays with ScathL-expressing and vankyrin-expressing viruses were performed 
to assess the impact of suppression of the melanization process by vankyrin on larval survival 
time. These bioassays were used to test whether unregulated melanization in 
AcMLF9.ScathL infected larvae, contributes to insect death. The viruses used in these 
bioassays were AcMNPV C6, AcMLF9.ScathL.C146A and AcMLF9.ScathL, and the P-
vankyrin-1 and I2-vankyrin-3 expressing recombinant AcMNPV, vP-vank-1 and vI2-vank-3. 
Newly molted fifth-instar H. virescens were injected via a proleg using a microapplicator 
(Burkard) with one or two of these viruses. The titer for each virus was 3×103 pfu/µl, and 
each insect received 6×103 pfu. Two injection methods were used in these bioassays. The 
first method was co-injection, with injection of two viruses expressing ScathL or vankyrin at 
the same time, and twice the amount of virus solution for AcMLF9.ScathL only and 
AcMLF9.ScathL.C146A only treatments; the second method used was sequential injection, 
with injection of the vankyrin-expressing virus first, followed by injection of the ScathL-
expressing virus, 24 hr later. Mortality was recorded every 1-4 hr until all larvae are dead. 
Median survival times (ST50) values were calculated using the Kaplan-Meier estimator and 
compared by log-rank test (Kalbfleisch, 1980). Three replicates were conducted for each 
virus with 30 and/or 20 fifth-instar larvae per replicate. 
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3. Results and discussion 
3.1 Co-expression of vankyrin and ScathL genes in recombinant viruses 
Expression of ScathL, the mutant ScathL.C146A,P-vankyrin-1, and I2-vankyrin-3 by 
the recombinant baculoviruses in Hi5 cells was examined at 72 hr p. i. Both P-vankyrin-1 
and I2-vankyrin-3 were correctly co-expressed with ScathL.C146A (Fig. 9a) but not when co-
expressed with ScathL (Fig. 9b). The reason for this result is unclear.  
3.2 Bioassay with ScathL-expressing and vankyrin-expressing viruses 
Fifth-instar larvae of H. virescens were injected with either ScathL-expressing or 
vankyrin-expressing viruses or combinations of ScathL-expressing and vankyrin-expressing 
viruses. The results show that both in co-injection bioassays (Fig. 10) and sequential-
injection bioassays (Fig. 11) there was no significant difference in time to death between 
treatments in fifth-instar H. virescens larvae (Table 1 and Table 2). There are several reasons 
to explain these experimental results. For co-injection bioassays, immune gene expression 
peaked at 72 hr post infection, while ScathL expression can be detected as early as 24 hr post 
infection and reaches a peak at about 48 hr post infection. Hence, expression of the vankyrin 
gene could be too late to block the immune response resulting from ScathL expression. For 
the sequential-injection bioassays, multiple injections were involved, which may activate the 
immune response. To overcome the problems in these bioassays we are constructing new 
recombinant baculoviruses, which express both immunosuppressive genes and ScathL genes. 
The pHsp70 promoter, which is a strong constitutively expressed promoter when used in a 
virus genome, was used to drive the expression of the immunosuppressive genes. This 
promoter is active as soon as the virus enters the insect cell, and will drive expression of the 
immunosuppressive gene. The expression of ScathL will occur later such that sufficient 
immunosuppression should occur prior to ScathL-mediated melanization. Based on previous 
studies, the immunosuppressive genes may positively impact the course of baculovirus 
infection resulting in more rapid death of the host, but the use of AcMLF9.ScathL.C146A 
will provide a control for this (Rivkin et al., 2006).  
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FIG. 8 
  
53 
Fig 8. Schematic diagram showing recombinant baculoviruses expressing ScathL and  
immunosuppressive genes. Expression of the catalytically active ScathL and inactive 
ScathL.C146A is directed by the baculovirus p6.9 promoter. Expression of the 
immunosuppressive genes P-vankyrin-1, I2-vankyrin-3 and egf1.0 is directed by the 
constitutively active hsp70 promoter. 
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FIG. 9 
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Fig. 9 Western blot analysis of vankyrin and ScathL expression by recombinant 
baculoviruses constructed for expression of both proteins, following infection of Hi5 cells. 
The anti-P-vankyrin-1 (upper panels in a and b), and anti-ScathL antibodies (lower panels in 
a and b) were used for detection of vankyrins and ScathL respectively. (a) For 
AcMLF9.ScathL.C146A.Pvankyrin1 (HPS.C), both the vankyrin and ScathL.C146A were 
expressed correctly at 35 and 45 Kda for ScathL.C146A (Li et al., 2007) and at 19 kDa for P-
vank-1 (Kroemer and Webb, 2005). However, neither the vankyrin, nor ScathL were detected 
for AcMLF9.ScathL.Pvankyrin1 (HPS.S). (b) Both vankyrin and ScathL.C146A proteins 
were detected for AcMLF9.ScathL.C146A.I2vankyrin3 (HIS.C), but only the vankyrin, and 
not ScathL expression was detected for AcMLF9.ScathL.I2vankyrin3 (HIS.S). ECL, ECL 
markers; PS, prestained marker; ScathL, AcMLF9.ScathL; C146A, AcMLF9ScathL.C146A; 
C6, wild type AcMNPV C6; Mock, mock-infected cells; P-vank-1, vP-vank-1 infected cells; 
ScathL (yeast), recombinant ScathL from the yeast expression system. 
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FIG. 10 
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Fig. 10 Co-injection bioassay of ScathL-expressing and vankyrin-expressing viruses. Newly 
molted fifth-instar H. virescens were injected with either ScathL expressing viruses or a 
mixture of the ScathL-expressing and vankyrin-expressing viruses. Data were collected from 
three replicates, and pooled data are used to do statistical analysis. Means with the same 
letter are not significantly different at p = 0.05, and error bars represent standard errors. 
ScathL, AcMLF9.ScathL; C146A, AcMLF9.ScathL.C146A; P-Van-1, P-vankyrin-1 
expressing virus; I2-Van-3, I2-vankyrin-3 expressing virus.
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FIG. 11 
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Fig.11 Sequential-injection bioassay of ScathL-expressing and vankyrin-expressing viruses. 
Newly molted fifth-instar H. virescens were infected by injection of the vankyrin-expressing 
virus first, followed by injection of the ScathL-expressing virus, 24 hr later. Data were 
collected from three individual replicates, and pooled data were used to do statistical 
analysis. There were no significant differences among treatments at p = 0.05. Error bars 
represent standard errors. ScathL, AcMLF9.ScathL; C146A, AcMLF9.ScathL.C146A; C6, 
AcMNPV C6; P-Van-1, P-vankyrin-1 expressing virus; I2-Van-3, I2-vankyrin-3 expressing 
virus. 
  
60 
 
Table 1. Survival time of larvae in co-injection bioassay infected with ScathL- and 
vankyrin-expressing viruses. 
 
Virus* Inoculating dose (pfu) n ST50 (hpi)** 95% CL (hpi) 
ScathL + I2-vankyrin-3 6×103 74 37.33a 23.21-51.46 
ScathL + p-vankyrin-1 6×103 74 38.5a 21.7-55.3 
ScathL 6×103 73 35a 28.43-41.57 
C146A + I2-vankyrin-3 6×103 71 84a 71.09-96.91 
C146A + p-vankyrin-1 6×103 69 82.67a 73.26-92.07 
C146A 6×103 68 79.33a 75.54-83.13 
 
* ScathL, AcMLF9.ScathL; C146A, AcMLF9.ScathL.C146A; P-Van-1, P-vankyrin-1 
expressing virus; I2-Van-3, I2-vankyrin-3 expressing virus. 
** ST50 values were determined by the Kaplan-Meier estimator and reported with 95% 
confident limits (CL). For each treatment, ST50 values with different letters are significantly 
different at p = 0.05 as tested by log-rank comparison. 
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Table 2. Survival time data for sequential-injection bioassay with ScathL- and 
vankyrin-expressing viruses. 
 
 
 *ScathL, AcMLF9.ScathL; C146A, AcMLF9.ScathL.C146A; C6, AcMNPV C6; P-Van-1, 
P-vankyrin-1 expressing virus; I2-Van-3, I2-vankyrin-3 expressing virus. 
** ST50 values were determined by the Kaplan-Meier estimator and reported with 95% 
confident limits (CL). For each treatment, ST50 values with different letters are significantly 
different at p = 0.05 as tested by log-rank comparison.  
Virus* Inoculating dose (pfu) n ST50 (hpi)** 95% CL (hpi) 
I2-van-3/ScathL 6×103 48 90.26a 82.81-97.71 
I2-van-3/C146A 6×103 52 97.18a 84.06-110.3 
p-van-1/ScathL 6×103 47 88.38a 79.17-97.6 
p-van-1/C146A 6×103 55 89.78a 79.42-100.1 
C146A/ScathL 6×103 57 94.34a 81.05-107.6 
C6/ScathL 6×103 54 96.57a 78.5-114.6 
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CHAPTER 4. GENERAL DISCUSSION 
 
Among the most successful examples of genetically enhanced baculovirus 
insecticides with improved time-to-kill are baculoviruses that express neurotoxins derived 
from various venomous animals. A baculovirus (AcMLF9.ScathL) that expresses a basement 
membrane-degrading protease ScathL was constructed in our lab (Harrison and Bonning, 
2001). AcMLF9.ScathL killed Heliothis virescens larvae approximately 50% faster than the 
wild type virus. Previous studies showed that cysteine protease activity is required for the 
insecticidal activity of AcMLF9.ScathL (Li et al., 2007). The enhanced insecticidal activity 
of this recombinant baculovirus does not result from altered tissue tropism or accelerated 
systemic infection (Li et al., 2007).  Analysis of the tissue specificity of ScathL showed that 
ScathL specifically degrades components of the basement membrane at low concentrations, 
while high concentrations of ScathL result in the complete loss of tissue (Li et al., 2007; 
Tang et al., 2007). Now we are using polydnavirus-derived immunosuppressive genes to 
separate the impact of ScathL on basement membrane integrity from the potential impact of 
melanization and associated production of toxic free radicals, which also may play a role in 
the insecticidal action of ScathL (see Chapter 3).  
The enhanced speed of kill of recombinant baculovirus AcMLF9.ScathL is a big 
advantage but it also limits its propensity to recycle in the environment as fewer polyhedra 
are produced compared with the wild-type virus AcMNPV C6. Apart from this limitation, the 
advantages and disadvantages of AcMLF9.ScathL are the same as AcMNPV C6. 
Additional risk assessment studies to address the potential risks associated with use of 
ScathL to mammals are needed, specifically to examine the potential effects of ScathL on 
mammalian basement membrane. To address the impact of ScathL on mammalian basement 
membrane, we can use Matrigel (BD Biosciences), a soluble basement membrane that is 
constitutively produced by an immortalized mouse cell line. Insect basement membrane can 
be used as a positive substrate for these experiments. Dispase and collagenase IV can be 
employed as positive control treatments and recombinant ScathL.C146A can be used as 
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negative control in this study to address the following questions:  Will ScathL degrade 
components of the mammalian basement membrane? Does ScathL work better than dispase 
for removal of insect basement membrane and hence are their commercial prospects for 
ScathL? Can we identify the specific proteins that are affected in insect basement membrane 
by ScathL activity?  
In our research, a baculovirus vector was used to deliver ScathL to the host insect. An 
alternative approach to deliver ScathL for pest control is to use the snow drop lectin, 
Galanthus nivalis agglutinin (GNA) for delivery of ScathL from transgenic plants into the 
insect hemocoel. The effectiveness of this approach has been demonstrated for other toxins 
that work in the insect hemocoel, including allatostatin and insect-specific toxins from spider 
venom (Fitches et al., 2002; Fitches et al., 2004; Rachel E Down, 2006). 
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